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Abstract: The Kotana prospect is located about 30 km south of Giresun (NE Turkey). The ore mineralization is a Feskarn occurring within the low-grade pre-Lower Jurassic Pınarlar metamorphics, consisting of marble-phyllite intruded
by the Upper Cretaceous−Eocene Aksu biotite monzogranite. The principal primary ore minerals include pyrrhotite and
magnetite along with minor pyrite (I) and chalcopyrite, accompanied by trace sphalerite. Sphalerite is closely associated
with chalcopyrite and to a lesser extent with hexagonal pyrrhotite. Secondary ore minerals include pyrite (II), marcasite,
martite, hematite, goethite, lepidocrocite, and intermediate Fe-oxides-hydroxides. Gangue minerals are mainly calcite
and quartz. Oxidation of the primary sulphides resulted in formation of diverse secondary ore textures containing bird’s
eye, martitic, spheroidal, colloform, rim, and veinlets. Distinct crystal shapes of sphalerite are of particular interest
to this investigation due mainly to their proposed formation mechanisms. Three alternative mechanisms for their
formation were considered: (i) quasi-exsolved bodies developed by hexagonal pyrrhotite replacement of chalcopyrite,
(ii) interstitial formation between coalescing pyrrhotite crystals during crystal growth, and (iii) as genuinely exsolved
bodies, and as such conflict with previous experimental results. Although the general absence of solute mineral outside
the solvent mineral suggests solid solution at high temperatures (favouring the third mechanism), textures, modal,
microprobe and sulfur-isotope data suggest that these are more likely to be pseudoexsolved bodies formed as a result of
replacement of chalcopyrite by hexagonal pyrrhotite. The δ34S values of pyrrhotite and chalcopyrite are between 5.23 and
6.73 per mil (n= 12) and 2.29 and 3.26 per mil (n= 8), respectively, indicating continuous enrichment in heavy sulphur
isotopes from prograde stage to retrograde stage within the typical range for skarn-type mineralization. Fluid inclusion
analyses of calcite and quartz gangues indicate that the minimum homogenization temperature (Th) averaged 400±20
ºC with salinities < 15 wt% NaCl equivalent.
Key Words: Eastern Pontides, exsolution, Fe-skarn, pseudoexsolution, pyrrhotite, replacement, sphalerite

Kotana Fe-Skarn Yatağı (Giresun-KD Türkiye)’nda Bulunan PirotitKalkopirit ile ilişkili Sfalerit: Eksolüsyon(mu) veya Ornatım(mı)
Özet: Kotana sahası Giresun (KD Türkiye)’nin yaklaşık 30 km güneyinde bulunmaktadır. Cevher oluşumu bir Fe-skarn
olup, Erken Jura öncesi yaşlı mermer-fillitlerden oluşan ve Geç Kretase−Eocene yaşlı Aksu biyotitli monzogranitinin
sokulum yaptığı düşük dereceli Pınarlar metamorfitleri içerisinde bulunmaktadır. Başlıca birincil cevher mineralleri
pirotit ve magnetit ile minör pirit (I), kalkopirit ve eser sfaleriti içermektedir. Sfalerit varlığı sıkı bir şekilde kalkopiritle,
daha az olarak ta pirotitle birliktelik sunmaktadır. İkincil cevher mineralleri pirit (II), markazit, martit, hematite, götit,
lepidokrosit ve ara Fe-oksit-hidroksitlerden oluşmaktadır. Gang mineraller esas olarak kalsit ve daha az olarak kuvarstan
ibarettir. Birincil sülfürlerin oksidasyonu, kuşgözü, martitik, sferoyidal, koloform, çerçeve ve damarcık gibi çok çeşitli
ikincil cevher dokularının oluşumunu sonuçlamıştır. Sfaleritin özgün kristal şekilleri, bu çalışmada, önerilen oluşum
mekanizmaları nedeniyle özel bir önem taşımaktadır. Oluşumları için üç alternatif mekanizma dikkate alınmıştır: (i)
hegzagonal pirotitin kalkopiriti ornatması sonucu oluşmuş olan yalancı kusma kütleleri olarak oluşmuşlardır, (ii) kristal
büyümesi süresince kaynaşan pirotit kristalleri arasında interstisiyal olarak oluşmuşlardır ve (iii) daha önceki deneysel
bulguların aksine bunlar gerçek kusma (eksolüsyon) yapılarıdır. Yüksek sıcaklıklarda solüt mineralin solvent mineral
dışında genel yokluğu (üçüncü mekanizmayı favori kılmaktadır), dokular, modal-mikroprob ve kükürt izotop verileri
bunların olasılıkla kalkopiritin hegzagonal pirotit tarafından ornatılmasının bir sonucu olarak oluşan psöydo-kusma
kütleleri olduğunu önermektedir. Pirotit ve kalkopirite ait δ34S değerleri sırasıyla 5.23 ve 6.73 per mil (n= 12) ve 2.29
ve 3.26 per mil (n= 8) arasında değişmekte bu da, skarn yataklar için tipik aralıkta olmak üzere, prograt safhadan
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retrograt safhaya doğru ağır kükürt izotopunca sürekli bir artışı göstermektedir. Kalsit ve kuvars gangları üzerinde
yapılan sıvı kapanım analizleri, sülfür cevherleşmesinin ana safhasında minimum oluşum sıcaklığının ortalama 400±20
°C olduğunu ve tuzluluğun < ağ. % 15 NaCl eşdeğer olduğunu göstermektedir.
Anahtar Sözcükler: Doğu Pontitler, eksolüsyon, Fe-skarn, psöydo-eksolüsyon, pirotit, ornatım, sfalerit

Introduction
Many ore minerals undergo exsolution as they cool
from the temperatures of initial crystallization.
Common examples of exsolution textures that may
occur in diverse deposits are blebs (e.g., chalcopyrite
in sphalerite), lamellae (e.g., ilmenite in magnetite),
flame-like (e.g., pentlandite in pyrrhotite), and
myrmekites (e.g., association of arsenic-antimonystibarsen). Exsolution textures involving natural
pyrrhotite as host or guest are listed in Table 1.
The Fe-Zn-S system has the potential for use as a
geothermometer and geobarometer to resolve many
problems about genesis of an ore deposit provided
that the mineral phases formed under required
conditions. Many experimental studies deal with
phase relations of this system over a large range of
temperatures and applications of geothermometer
and geobarometer criteria with variable success
(Vaughan & Craig 1997 and references therein).
A controversial micro-ore texture, observed
between
pyrrhotite-sphalerite-chalcopyrite
in

the Kotana Fe-skarn deposit, in the Dereli area
(Giresun, NE Turkey; Figure 1) was studied.
Initially the ore textures observed at Kotana were
interpreted as conflicting with the conclusions of
experimental studies (Barton & Toulmin 1966;
Barton & Skinner 1979). However, a single polished
section showed a critical transformation between
pyrrhotite and chalcopyrite and is the focus of this
paper. Three probable mechanisms were discussed,
based on the available data. It is found that the
replacement mechanism produced an exsolutionlike microtexture, and hence such textures occurring
elsewhere should be interpreted cautiously.
Geological Framework
The geological structure of the Eastern Pontides (NE
Turkey) is the consequence of long-lived subduction,
accretion and collision events associated with the
closure of the Tethyan Ocean (Okay & Şahintürk
1997 and references therein).

Table 1. Exsolution textures shown by pyrrhotite either as host or guest mineral.
Host

Guest

Nature of Exsolution Pattern

pyrrhotite

pentlandite

lamellae/flame, myrmekitic

pyrrhotite

chalcopyrite

lamellae/flame

pyrrhotite

magnetite

platelets

pyrrhotite

valleriite

platelets

alabandite

pyrrhotite

blebs

hexagonal pyrrhotite

monoclinic pyrrhotite

curved lamellae/lenses

chalcopyrite

pyrrhotite

stars/crosses

pentlandite

pyrrhotite

emulsion

argentopyrite

pyrrhotite

uniform network

sphalerite

pyrrhotite

blebs in rows

*pyrrhotite

sphalerite

star/stellar/crosses/irregular

*Reported in this study and also by Marignac (1989)
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Figure 1. Location map of the study area.

The Eastern Pontides rest generally on preLiassic composite basement rocks consisting of (i)
high-temperature low-pressure metamorphic units
intruded by Lower Carboniferous high-K I-type
granitoids (Okay 1996; Topuz & Altherr 2004;
Topuz et al. 2004a, 2007, 2010), (ii) Permo–Triassic
low temperature high pressure metamorphic units
(e.g., Okay & Göncüoğlu 2004; Topuz et al. 2004b),
and (iii) molassic sedimentary rocks of Permo–
Carboniferous age (Okay & Leven 1996; Çapkınoğlu
2003). The basement is overlain transgressively by
Liassic volcanics and volcaniclastics, deposited in an
extensional arc environment. The volcanic members
of this sequence are represented by calc-alkaline to
tholeiitic basaltic to andesitic rocks (e.g., Şen 2007;
Kandemir & Yılmaz 2009). The Liassic volcanics and
volcaniclastics grade into Malm–lower Cretaceous
carbonates (Okay & Şahintürk 1997 and references

therein). Late Cretaceous time is represented by a
volcano-sedimentary rock succession more than 2
km thick in the north and by flyschoid sedimentary
rocks with limestone olistoliths in the south. Late
Cretaceous volcanics compositionally range from
basalt to rhyolite (e.g., Eğin & Hirst 1979; Manetti et
al. 1983; Çamur et al. 1996; Arslan et al. 1997; Okay &
Şahintürk 1997; Boztuğ & Harlavan 2008). Kurokotype volcanogenic massive sulphide (VMS) deposits
are widely associated with Late Cretaceous felsic
volcanics (Çiftçi et al. 2005 and references therein).
The Late Cretaceous magmatism occurred as a result
of northward subduction of the İzmir-AnkaraErzincan Neotethys ocean (e.g., Şengör & Yılmaz
1981; Okay & Şahintürk 1997; Yılmaz et al. 1997).
The collision between the Eastern Pontides and the
Tauride-Anatolide block to the south is constrained
to have occurred in the Paleocene to early Eocene
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(e.g., Okay & Şahintürk 1997; Okay & Tüysüz 1999).
Post-collisional Eocene volcanic and volcaniclastics
unconformably overlie the older units, and locally
seal the İzmir-Ankara-Erzincan suture (Altherr et al.
2008).
As a result of the long-lived subduction and
collisional events, the ages of granitoids in the
Eastern Pontides range from Early Carboniferous to
Late Eocene (e.g., Boztuğ et al. 2004; 2005; Topuz et
al. 2005, 2010; Arslan & Aslan 2006; Karslı et al. 2007;
Kaygusuz et al. 2008; Kaygusuz & Aydınçakır 2009).
These granitoids are mostly shallow intrusions,
and have well-developed contact aureoles, which
have, however, often been neglected (Taner 1977;
Sadıklar 1993; Topuz 2006). Within the contact
aureoles and their vicinities, numerous skarn-type
ore mineralizations of various size and element
contents have developed (e.g., Kotana, Özdil and
Dokumacılar) (Figure 1).
Kotana Skarn Mineralization
The study area is located in the central portion of
the northern zone, but very close to the boundary
between the northern and southern zones of
the Eastern Pontides, according to the classical
division in terms of rock associations (Figure 1).
Basement rocks in the area consist of pre-Jurassic
Pınarlar metamorphics and overlying post-Jurassic

volcaniclastics intruded by the upper Cretaceous–
Eocene Aksu monzogranite (78.3±1.5 Ma (Moore
et al. 1980; Yılmaz & Boztuğ 1996; Saraç 2003). As
a consequence, contact metasomatic assemblages
were developed locally within the marbles. The
Kotana deposit occurs within the marbles of the
metamorphic basement, which are generally white,
but green in skarns. Hornfelsic rocks are generally
green and contain abundant clinopyroxene, garnet
and calcite visible to the naked eye. The Kotana skarn
is a calcic exso-skarn. Although it does not cover
a large area and occurs as discontinuous masses
between the ore zone and marble, three distinct zones
based on the mineral assemblages were distinguished
(Figure 3a): (i) garnet-clinopyroxene, (ii) epidotegarnet-clinopyroxene-calcite, and (iii) epidote;
although garnet, clinopyroxene, calcite, scapolite,
amphiboles (ferroactinolite, magnesian hornblende,
ferrohornblende) micas, quartz, and albite occur
in all three zones in varying quantities. Occasional
pyritization was also observed.
Although the exact size of the ore body has not
been determined, its height and thickness appear
to be constant at about 30 m and 15 m, respectively
(Figure 3a). The length of the ore body is not known
because of faulting, but is estimated at about 0.6
kilometres based on field observations and a number
of geological sections. The ore mineralization appears
to be a concordant layer with an arcuate shape (Figure

Figure 2. Major contact metasomatic occurrences and associated lithological units along the Eastern Pontide tectonic
belt (updated and modified from Aslaner et al. 1995).
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probable fault

Figure 3. Simplified geological map of the study area (a) along with a SW–NE through section (b) and a
columnar section (c) (modified from Van 1977 and Çiftçi & Vıcıl 2003) (size of the ore deposit in all
three figures exaggerated).

3b, c). The ore exhibits a somewhat gradual transition
from the footwall rocks, but it is cut off sharply at
the contact with the hanging-wall rocks. It laterally
terminates gradually in one direction and sharply
by a fault in the other direction. Proven reserves are
about half a million tons with a possible reserve of 1
million tons (Van 1977).
Analytical Methods
Samples examined, considered to be representative
for the major ore types of the deposit, were collected

from an exploration trench. Polished sections were
prepared for both reflected-light microscopy and
Electron Probe Microanalysis (EPMA). To obtain
the bulk chemical compositions, modal analyses
and electron microprobe analyses were carried out
using polished sections. Modal analyses were carried
out on pyrrhotite and chalcopyrite, both containing
sphalerite skeletal inclusions. Digital images were
evaluated using SCION image processing software.
Pyrrhotite, sphalerite, and chalcopyrite crystals were
analyzed for selected elements through point and
line analyses by wavelength dispersive X-ray analysis
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using a CAMECA SX50 electron microprobe. An
accelerating voltage of 15 kV was used. The beam
current and counting time for major elements were 20
nA and 20 seconds, respectively. Trace elements were
analyzed at a beam current of 100 nA and a counting
time of 30 seconds. The accuracy of the EPMA
analyses was monitored using reference samples of
similar composition (sphalerite, chalcopyrite and
pyrrhotite).
On the same polished samples, pyrrhotite and
chalcopyrite crystals selected for sulphur isotopic
analysis were drilled using a 0.75-mm carbide
bit. Mineral powders and a small amount of V2O5
were loaded into tin capsules and analyzed using
Elemental Analyzer-Continuous Flow Isotope
Ratio Mass Spectrometry on a Finnigan MAT252
isotope ratio mass spectrometer (Indiana University,
Bloomington, Indiana). Analytical precision is better
than ±0.05%.
Analytical results are listed in Tables 2 to 3.
Sulphur isotopic compositions are reported in
standard δ notation relative to Vienna Canyon Diablo
Troilite (VCDT). Listed sulphide analyses are from
homogenous crystals through point analyses. Line
analysis on a pyrrhotite crystal replacing chalcopyrite
was carried out at intervals of 50 micrometers.
The microscope used for fluid inclusions study
is a Nikon Optiphot, with x10 oculars, x5, x10, and
x40 long working distance lenses. The microscope is
fully equipped with transmitted white light. Attached

to this microscope is a modified USGS heating and
freezing stage, designed by Fluid Inc. USA. This allows
microthermometry to be performed on inclusions,
by passing heated air over the sample; inclusions can
be heated to 700 °C. By passing nitrogen gas passed
through liquid nitrogen over the sample, inclusions
can be cooled down to –190 °C.
In order to determine the zinc content of typical
ore, a representative ore sample was also analyzed by
Inductively Coupled Plasma (ICP-ES & MS) (Acme
Labs/Canada): a 15 g sample was digested in 90 mL
2-2-2 HCl-HNO3-H20 at 95˚C for one hour, was
diluted to 300 mL, and then analyzed by employing
ICP-ES & MS.
Ore Mineralogy and Micro Ore-textures
Major ore minerals observed in this deposit are
hexagonal pyrrhotite (based on PXRD pattern)
and magnetite. Chalcopyrite and pyrite locally
become significant. Sphalerite and covellite occur
in trace quantities. The former is associated mainly
with chalcopyrite and, to a lesser extent, hexagonal
pyrrhotite. The association of sphalerite with
chalcopyrite appears to occur through exsolution;
although its association with pyrrhotite is probably
due to replacement of chalcopyrite containing
exsolved sphalerite by pyrrhotite. A second
generation of pyrite, typically fine-grained and
intimately intergrown with fine-grained marcasite
was also observed and is considered to be a product of

Table 2. EPMA results for selected elements in sphalerite, pyrrhotite and chalcopyrite crystal (results in wt%).
Element

Sphalerite
w/Po

Fe
Cu
S
Zn
As
Ni
Co
Bi
Cd
Mn
*nd: not detected
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9.074
0.180
33.180
58.001
0.008
0.003
0.011
nd
0.220
0.017

Pyrrhotite

Chalcopyrite

w/Cp

w/Sl

w/o Sl

w/Sl

w/o Sl

8.524
0.842
33.112
58.293
0.015
0.006
0.012
nd
0.200
0.008

58.727
0.017
38.739
0.034
0.033
nd
nd
0.01
nd
nd

60.978
0.008
37.085
0.017
0.064
0.021
0.003
0.136
nd
nd

29.582
36.048
34.547
0.134
0.023
nd
nd
nd
0.002
nd

29.856
34.989
34.178
0.105
0.018
0.017
nd
nd
nd
nd
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exsolution from sulphur-rich pyrrhotite. In contrast,
the first generation of pyrite occurs as euhedral to
subhedral crystals. Martite, hematite, lepidocrocite,
and goethite are the principal secondary Fe-oxides,
occurring with unidentified intermediate Fe-oxidehydroxide phases. Quartz and calcite are the major
gangue minerals. The presence of twelve more mainly
Ca-Fe-Mg-silicates were reported by Çiftçi & Vıcıl
(2003).
Microscopic examination of ore textures indicated
that the primary sulphide phases (Stage-I sulphides
in Figure 5) show mainly simple granular and mosaic
ore microtextures, whereas secondary ore textures
are much more complicated and varied. During rapid
cooling hexagonal pyrrhotite converts to monoclinic
pyrrhotite as a stage in the formation of finegrained pyrite-marcasite mixtures. Where supergene
alteration is intense, pyrrhotite alters directly to ironoxides/hydroxides, which occur as rims surrounding,
and veins crosscutting pyrrhotite crystals. Since finegrained pyrite and marcasite spheroids are especially
prone to oxidation, alternating pyrite, marcasite,
and iron-oxides-hydroxide layers form concentric
spheroids or concentrically grown bands. Marginal
weathering of monoclinic pyrrhotite to pyrite and
marcasite also resulted in the formation of the socalled ‘bird’s eye’ texture (Figure 4e, h). Figure 5 shows
the suggested mineral paragenesis for the deposit.
Experimental Results
Mineral and Bulk Chemistry
A representative ore sample was analyzed for bulk
chemistry: Fe (46.6%), Cu (0.098%), Zn (0.04%), Mn
(0.02%), Ni (0.003%), Co (0.024%). As, Cd, and Sb
were also present, (<0.001 wt%). Based on powder
X-ray diffraction (PXRD) and ore microscopy study,
pyrrhotite, chalcopyrite, pyrite and sphalerite are the
only primary sulphide minerals. Sulphide minerals,
together with magnetite, which is the second major
phase, account for the bulk chemistry.
Sulfur Isotope Composition
δ34S values listed in Table 3 were acquired from
crystals micro-drilled under stereomicroscope. Most
skarns have δ34S values between about –5 to +8 per

mil (Taylor 1987). Data for the sulphide minerals
chalcopyrite and pyrrhotite from this deposit fall in
this range. However, chalcopyrite has more magmatic
values, indicating its early precipitation at probable
higher temperatures during the prograde stage (Stage
I), dominantly from fluids of magmatic origin and/or
less from fluids of non-magmatic origin. Pyrrhotite,
on the other hand, crystallized during the retrograde
stage (stage II) from fluids relatively more enriched
in δ34S, after the first stage sulphide mineralization,
due most probably to a combination of declining
temperature and the mixing of magmatic waters (low
δ34S values) and meteoric waters (high δ34S values)
that contributed heavy sulphur leached out from
country rocks.
Fluid Inclusion Observations
Fluid inclusions determined in calcite and quartz
gangues are two phase inclusions, containing liquid
and gas phases (L+V). The liquid phases account for
more that 70 vol% of the inclusions. The inclusions,
isolated within the crystals, non-necked, and not
related through fractures or fracture planes, are
classified as primary inclusions, based on the criteria
described by Roedder (1984) and Van den Kerkhof
& Hein (2001), and are used for microthermometric
measurements. In the studied samples, no inclusions
containing varying volumes of liquid and gas (e.g.,
>%69 liquid +<%31 vapour, or >%69 vapour +
<%31 liquid) at room temperatures that could be
an indication for boiling were observed. In all the
studied inclusions, homogenization was achieved by
total absorption of the gas phase into the liquid phase.
Homogenization temperatures (Th), measured in
the inclusions, ranged between 380 °C and 460 °C,
averaging 400 °C (n= 12). This relatively narrow
range is assumed to be the minimum temperature
range for the ore mineralization, since magnetite,
considered to be a product of the retrograde stage,
was also present in some of the samples. Hence, this
study suggests that the main sulphide mineralization
might have occurred at much higher temperatures.
Salinities, calculated based on the last ice melting
temperature, were relatively low (< 15 wt% NaCl
equivalent) and this is also typical for many skarntype mineralizations, particularly in the retrograde
stage (Meinert 1992).
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Figure 4. (A–D) Butterfly-like exsolved sphalerite bodies in pyrrhotite and chalcopyrite hosts, (B)
pyrrhotite pseudomorph after chalcopyrite through a complete replacement, (C) incomplete
replacement of pyrrhotite after chalcopyrite attesting that replacement occurred (E) concentric
growth bands formed by pyrite and marcasite accompanied by various Fe-oxid es-hydroxides,
(F) bird’s eye texture depeloped by pyrite as a result of pyrrhotite’s lateral weathering, (G)
rim texture resulted from pyrhotite weathering to Fe-oxides, (H) close-up view of growth
bands containing a repeating succession of pyrite, marcasite, and Fe-oxides (Py– pyrite; Cp–
chalcopyrite; Sl– sphalerite; Mc– marcasite; Po– pyrrhotite; Poh– hexagonal pyrrhotite (Figure
4a is reproduced through scanning and enlarging from Çiftçi & Vıcıl 2003).
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Figure 5. Suggested ore mineral paragenesis for the Kotana deposit: Stage I is considered prograde, Stages II and III are
retrograde. In the supergene stage, minerals of the earlier stages are altered to a variety of secondary minerals.

Table 3. Sulfur isotope analysis of pyrrhotite and chalcopyrite crystals (in per mil).

Pyrrhotite
Chalcopyrite

N

δ34S

Mean

Standard Deviation

12
8

+5.23 ± 6.73
+2.29 ± 3.26

+ 6.27
+2.59

±0.48
±0.36

Discussion
Micrometer-sized grains of sphalerite in chalcopyrite
and pyrrhotite hosts form stellate shapes (Figure
4a–c). Micrometer-sized sphalerite exsolution bodies
occur as rosettes, star or stellar forms, associated
with chalcopyrite as a result of unmixing. Such
associations can also come about as a result of a local
supersaturation in sphalerite at the growing fronts
of chalcopyrite at lower temperatures (e.g., <300
ºC), particularly in hydrothermal mineralizations
(Marignac 1989). Although distinctions between
the two may not be so clear in many cases, in the
Kotana mineralization the following observations
favour the former explanation for the presence of
sphalerite in chalcopyrite (i) sphalerite never occurs
as discrete crystals that are not associated with
chalcopyrite and pyrrhotite (this is also supported by
the bulk analysis of typical ore, since the average zinc

content is about 0.04 wt%), (ii) sphalerite is strictly
associated with chalcopyrite, (iii) the morphology
of sphalerite inclusions are chiefly skeletal, (iv)
there is no significant concentration of sphalerite
inclusions along chalcopyrite crystal boundaries,
(v) the minimum formation temperature for the
primary mineral paragenesis is appropriate for the
formation of exsolution, considering that skeletal
sphalerite begins to dissolve into chalcopyrite at 400
°C (Sugaki & Tashiro 1957), and (vii) the presence
of Zn in chalcopyrite within the solubility limits
(<0.8 at% or <1.1 wt%) (Sugaki et al. 1987) and the
presence of skeletal sphalerite within chalcopyrite is
always less than about 4 vol% using the bulk analysis.
Both the zinc content of the chalcopyrite matrix and
observations were based on back-scattered electron
images and reflected-light microscope studies: the
presence of an intermediate solid solution (ISS) was
not considered.
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The converse, namely chalcopyrite in sphalerite
(chalcopyrite disease) is one of the most common
associations in unmetamorphosed epithermal and
massive sulphide deposits (Barton & Bethke 1987).
In fact, chalcopyrite inclusions in sphalerite are very
common and represent, under various circumstances,
exsolution and co-precipitation, as well as
replacement. There are also reported occurrences of
pyrrhotite forming exsolved bodies within sphalerite
(Craig & Vaughan 1994; Picot & Johan 1982; Lepetit
et al. 2003). The reverse association, in the form
of sphalerite apparently exsolved from pyrrhotite,
is very unusual, although Uytenbogaart & Burke
(1985) reported the presence of sphalerite inclusions
within pyrrhotite and oriented intergrowths between
pyrrhotite and sphalerite, and Ramdohr (1980, p. 602)
mentioned the presence of thin plates of a sphaleritelike mineral in pyrrhotite. The underlying reason
is that the solubility of zinc sulphide in pyrrhotite
is very low. However, despite the observation of
Barton & Toulmin (1966) of limited Zn solubility in
pyrrhotite and ability of pyrrhotite to dissolve less
than 0.1% ZnS (Barton & Skinner 1979; p. 366), the
ore microtextures strongly suggest that sphalerite
exsolved from pyrrhotite (Figure 4a, b). Thus, this
particular texture presents a contradiction.
Ore microscopy indicated that sphalerite occurred
only in chalcopyrite and pyrrhotite. In principle,
complex sphalerite crystal outlines can be produced
through a number of combinations of coalescing
pyrrhotite crystals as shown in Figure 6. However,
the sphalerite association with pyrrhotite would be
expected irrespective of the presence of chalcopyrite,
in such a hypothetical scenario. Ore microscopy study
ruled out the possibility of this mechanism, because
chalcopyrite was always part of the occurrence.
A second and more probable mechanism that
could produce such a texture is replacement of the
original host chalcopyrite by pyrrhotite. Through
replacement, exsolved sphalerite bodies originally
within chalcopyrite could be preserved even though
the parent mineral, chalcopyrite, was completely
replaced. EPMA analyses of pyrrhotite crystals with
and without sphalerite masses indicated that the only
significant difference is in Cu and Zn contents, which
were enriched in pyrrhotite containing sphalerite
bodies (Table 2) that were originally chalcopyrite
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(Figure 4b). Line analyses crossing the chalcopyritepyrrhotite interface show a gradual decrease in Cu
as the replacement front advanced. The advance
left behind the exsolved sphalerite as a record of
the process. Some of the fractures in chalcopyrite
continue into replacing pyrrhotite, whereas reverse
occurrence was not observed, thereby indicating
the pseudomorphous replacement of chalcopyrite
(Figure 7) resulting in the formation of quasiexsolved bodies of sphalerite in pyrrhotite. Figures
4c and 7 both show the sphalerite stars straddling
the chalcopyrite-pyrrhotite boundary that could be
considered as another indication of the process.
A significant portion of dissolved copper would
be expected to precipitate as copper rich species
requiring less sulphur, although due to decreasing
temperature and sulphur fugacity, some of that
copper may probably have left the system. However,
minor to trace malachite could account for some
of the copper produced during the replacement
processes. The replacement might have been driven
by introduction of Fe2+ in a reaction such as
CuFeS2 + Fe++ + 0.5 H2 = 2 FeS + Cu+ + H+
but the real reaction must be more complex to allow
for pyrrhotite of Fe(1–x)S composition and also to
accommodate volume changes during replacement.
Furthermore, declining temperature and sulphur
fugacity are scarcely the primary drivers here.
The only significant difference in the mineral
chemistry between chalcopyrite with and without
sphalerite was in copper content and, to lesser extent,
contents of zinc and cadmium. Chalcopyrite without
sphalerite was comparatively low in copper since some
of the copper ions were substituted by zinc. However,
in chalcopyrite with sphalerite, zinc was exsolved as
sphalerite, leaving copper sites in chalcopyrite filled
only by copper, resulting in chalcopyrite enriched in
copper. Zinc and cadmium contents were also higher
in chalcopyrite containing sphalerite masses. This is
because Cd prefers sphalerite as a host; therefore, as
sphalerite exsolves the Cd goes into the sphalerite.
Line analyses also showed that points closer to
sphalerite bodies are significantly low or nil in zinc
content.
However, many convincing data came from the
EPMA of sphalerite bodies in both pyrrhotite and

E. ÇİFTÇİ

Figure 6. Simplified sketch of coalescing pyrrhotite crystals (1 through 5) that could entrap
intergranular sphalerite that would lead to exsolution-like textures (constructed through
personal communication with M. Vıcıl).

chalcopyrite. The chemistry was strikingly similar
(Table 2, Figure 8) favouring the scenario wherein
chalcopyrite crystallized during prograde stage I
and exsolved sphalerite under conditions that were
more magmatic (as indicated by the sulphur isotope
data). Pyrrhotite was subsequently deposited during
retrograde stage II under low sulphur fugacity and
more dilute conditions with respect to source of
sulphur, under conditions that become suitable for
massive magnetite deposition later in the retrograde
stage. The modal analyses of pyrrhotite containing
skeletal sphalerite yielded very similar results (< 4
vol%) to those acquired from the chalcopyrite. This
ruled out the possibility of sphalerite being real

exsolved bodies in pyrrhotite (the third mechanism).
Micro-analytical data with ore microscopy indicated
that this particular texture was brought about as a
result of pyrrhotite replacement of chalcopyrite that
already contained exsolved sphalerite bodies, thus
forming the exsolution-like ore texture.
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